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Nondestructive Inspection (NDI) plays a key role in assessing the 
condition of materials, components and structures comprising aeronautical 
systems. Formal design specifications developed in the Air Force Aircraft 
Structural Integrity Program (ASIP) and Engine Structural Integrity 
Program (ENSIP) call for periodic inspections at defined levels of NDI 
flaw detection probabilities to avert failure or functional impairment. 
An essential link in establishing inspection intervals is the ability of 
the NDI system to find flaws. This paper describes the statistical 
aspects of the next Air Force evaluation program for NDI in airframe 
components. 
BACKGROUND 
The first major Air Force evaluation of in-service structural flaw 
detection probabilities was conducted from 1974 through 1978 and con-
centrated on airframe components. Similar evaluations of engine NDI 
capability continue to date; however inspection of structures remains 
without contemporary evaluation. Further, the 1974-1978 data concentrated 
on fatigue cracks in fastened aluminum joints. There is a need to 
evaluate detection capabilities associated with other common flaw types in 
a wide range of structural configurations and materials, including fiber 
reinforced composites. 
The more current series of engine NDI evaluations have also included 
capability surveys, looking at the total NDI process in the maintenance 
setting. No such data are available for airframe maintenance. Knowledge 
of in-service capability allows for selective improvements in NDI process 
control and feedback to aid the design process. This element of NDI 
performance impacts design for inspectability and issues of main-
tainability and Supportability in fleet management. 
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OBJECTIVE AND SCOPE 
The Air Force's goal for the current evaluationprogram is to deter-
mine the capability and reliability of NDI operations applied to airframes 
and airframe components in use at Air Logistic Centers and Air Force field 
laboratories. The capability assessment will observe the condition of 
facilities, materials and equipment, operating practices, and overall 
expertise in execution of NDI processes. Reliability determinations will 
measure flaw detection probabilities derived by NDI and the ability to 
discern flaw characteristics. 
The Air Force's interest in NDI capability is derived from it's 
Airframe Structural Integrity Program (ASIP) wherein the safety of an 
aging aircraft fleet is maintained through regular inspections and 
repairs. Since the inspections are a vital part of ASIP, the effective-
ness of NDI must be established to effectively estimate risks to the 
fleet. 
The overall scope of the program addresses both detailed planning and 
conduct of the capability and reliability determinations in two phases. 
The current effort discussed in this paper concerns development of a 
detailed test plan. The technical requirementsjtasks defined for the test 
plan involve treatment of radiographic, penetrant, magnetic particle, eddy 
current and ultrasonic methods applied to metallic and composite struc-
tural configurations. Materials tobe addressed include clad and unelad 
aluminum, titanium alloys in various forms of heat treat, Kevlarjepoxy, 
and graphitejepoxy composites. Structural samples representative of in-
service inspection are to include titanium, steel and aluminum forgings, 
honeycomb with aluminum and graphitejepoxy face sheets, graphitejepoxy-to-
titanium fitting attachments (bonded and fastened), and foreign object 
darnage (FOD) protection layers employing Kevlar reinforcing fibers. 
Applications of NDI to aircraft including the F-15 and F-16 are to be 
evaluated. 
Flaws in test specimens representing the above structural configura-
tions are to include delaminations in composite laminates and bondline 
separations, cracked forgings/fittings, delaminations in FOD layers, and 
fatigue cracks in bonded face sheets. Flaw size and location in the 
specimens are to be consistent with Air Force stocklisted NDI reference 
standards. 
Constraints 
A very important factor in the inspection process is the involvement 
of human operators to perform the inspections and interpret the results. 
It is impossible to conduct an evaluation that the operators are not aware 
of and their knowledge of the evaluation will bias the performance of the 
inspections. The evaluationprogram will therefore be conducted with 
inspections that simulate NDI in real situations as closely as possible. 
It is important in interpreting the results of this evaluation to recog-
nize these constraints and to understand what the evaluation is and is not 
measuring. 
Other constraints on the scope of the evaluation result from economic 
limitations. The probability of detection (POD) function will be dif-
ferent for each combination of material, geometry, and inspection method. 
The total number of combinations is far too great to evaluate in one 
program. A compromise must be reached by choosing inspection conditions 
for evaluation that are representative of a wide variety of materials and 
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geometries. These decisions must be made based on engineering judgement 
to assure consistent inspection conditions . 
AIR FORCE NDI OPERATIONS 
Factars bearing on NDI operations are depicted in Figure 1. Human 
factors, equipment and procedures play an interactive role in concentrat-
ing on the object (structure) which is interrogated for flaws. Given the 
material type, structural characteristics and flaw content, the manual NDI 
processes common to structural interrogation yield decisions concerning 
finds, misses, false calls or correct passes. 
Simulation of NDI operations in the maintenance setting, with ap-
propriately scaled variables and constants, provides a basis for 
evaluation. This program treats human factors and equipment as uncon-
trolled variables of observation and procedures as constants. Referring 
to Figure 1, the objects of inspection are structure - like samples or 
specimens with known flaws . Inspectors will be chosen at random from the 
pool of technicians qualified for the particular inspection and will use 
equipment that they are familiar with. Instructions for performing the 
evaluation inspections will be written in -36 T. 0. format and will be 
suppl emented with an orientation session. 
Probabilistic Model 
Even the best inspectors using the best equipment will not find all 
the flaws all the time since there is inherent variability in all NDI 
processes that cannot be totally eliminated. The factors that contribute 
to variability in inspection results can gene rally be divided into two 
groups: flaw r elated variables and inspec tion process variables. 
EQUIPMENT 
OBJECT 
MATERIAL 
Fig . 1. Fac tar s involved in NDI operations 
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A probabilistic model of the inspection process is used to formulate 
the statistical design of the NDI reliability evaluation and forms the 
basis of the statistical analysis of the data collected in the experiment. 
The probabilistic model includes a deterministic description of mean 
trends as well as a probabilistic description of variability in the data. 
The response signal versus crack length model developed in Reference 1 has 
proven useful for analyzing a wide variety of automated inspection systems 
and has provided a basis for the use of the logistic distribution for the 
POD function for manual NDI as well. 
A common feature of most NDI procedures is that a stimulus is applied 
to structural component resulting in a distinct response when a flaw is 
present . In most automated systems the response is highly correlated to 
crack size and flaw detection is based on whether or not the response 
exceeds the detection threshold . In some systems, such as FPI, the mag-
nitude of the response is not measured directly and detection is based on 
the judgement of the operator. In both cases the response signal provides 
a measure of flaw size (ahat) which is compared to a threshold value for 
flaw detection; however in the first instance the process is explicit 
while in the second instance the process is implicit in the judgement of 
the operator. 
The basic model given in Reference 1 is 
a = f(a) + c + e (1) 
where ~ is the response signal, a is the crack length, f(a) is the mean 
trend of the response signal as a function of crack length and c and e are 
random error terms that represent variability in the response signal 
caused by different factors. The variability represented by c is due to 
differences between flaws of similar size while the variability repre-
sented by e is due to variables associated with the inspection process. 
The random error terms c and e have means of 0 and are assumed to be 
independent. 
Flaw related variables include structural and flaw geometries, flaw 
orientation, material variability and residual stresses. The amplitude of 
NDI response signals are affected by these factors resulting in different 
inspection results for different flaws of nearly the same size. The flaw 
rela ted factors cannot be controlled in field operations since flaws are 
not generated on purpose but result f rom a random operating environment; 
therefore flaw related factors should not be controlled in the NDI 
capability evaluation program. 
The variables that affect the inspection process include human fac-
tors, equipment and inspection procedures, as shown in Figure 1. These 
three factors are highly interrelated since inspectors generally use the 
same equipment and part of the human variability is how carefully the 
inspection procedures are followed . Other factors relating to the 
operators include skill level, mood and health. Human factors will be an 
uncontrolled variable in the ND! capability evaluation since the Air Force 
has separate i nspector proficiency evaluation programs. 
Equipment factors including signal generators, probes, transducers, 
light levels and chemical composition, vary with the type of inspection 
conduc ted and are controlled through specifications , tolerances and 
calibration procedures . Similarly , the inspection procedures are control-
led through manuals written specifically for each aircraft. The 
capability surveys conducted in this study will rate how well these con-
trols are implemented in the field. 
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Equation 1 is a variance components model in which contributions to 
the total variance are broken down by the sources of variability. 
Restrietions on randomization in collecting the data can be identified in 
the variance components model that require special procedures in analyzing 
the data. In the evaluation of ND! reliability data, multiple inspections 
of the same flaw will have the same value of c so that different inspec-
tion results from the same flaw are not completely independent. An 
analysis based on the assumption of complete independence would provide 
questionable results when applied to multiple inspection data. 
DESIGN OF EXPERIMENTS 
The design of the ND! reliability experiment is crucial to achieving 
the goals of the evaluation. If the data are collected inconsistently or 
the flaw sizes are in the wrong range the results of the experiment will 
not properly represent the Air Force's ND! capability. The experimental 
design described in this section has been carefully formulated to address 
the goals of the Air Force inspection capability evaluation program and to 
minimize the possibility of collecting biased data. 
There are two main aspects to the experimental design. The statisti-
cal design deals with issues that help optimize the numerical analysis of 
the data while the data acquisition plan deals with ensuring that the data 
collection is conducted in a manner consistent with the assumptions of the 
statistical analysis. The statistical designwill be discussed first 
since it guides the formulation of the data acquisition plan. 
STATISTICAL DESIGN 
Two main concerns in the statistical design of experiments are sam-
pling plans and sample sizes. Sampling plans entail setting levels of 
controlled variables as well as ensuring that uncontrolled variables are 
sampled in a random unbiased manner. Determining the sample size involves 
tradeoffs between the desire for increased precision in parameter es-
timates and the economic constraints of fabricating a large sample of 
specimens and conducting a large number of inspections. The following 
paragraphs describe the sampling plan and recommend sample sizes for the 
evaluation. 
Sampling Plan 
The evaluation will be conducted using artificially generated flaws 
in simulated airframe components. This format was chosen to control 
variability due to differences between aircraft and to allow a consistent 
evaluation between Air Force facilities. The uncontrolled variables that 
must be accounted for in the sampling plan include human factors, inspec-
tion equipment and flaw to flaw variability. Human factors and equipment 
variability will be linked since the inspectors will perform inspections 
with a specific inspection system that is familiar to them, thereby 
simulating day-to-day operations as closely as possible. The controlled 
variables of the sampling plan include flaw sizes and inspection proce-
dures. 
The goal of the evaluation is to establish the overall Air Force NDI 
capability and not to determine individual inspector proficiencies. In 
order to provide the best estimate of the human factor influence on NDI 
reliability, all qualified inspectors must be included as potential par-
ticipants in the program. The group of inspectors used for each type of 
inspection should be selected at random from the pool of qualified inspec-
tors. Reasonable estimates of the human factor influence can be 
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calculated from the results of five inspectors per NDI method at each Air 
Force facility. 
There are two factors in flaw to flaw variability that influence the 
probability of detecting a flaw. Flaw size has an obvious influence in 
that !arge flaws are easier to find than small flaws. There is also a 
variance in the detectability of flaws of similar size. Possible factors 
that influence the detectability of flaws of the same size include 
residual stresses and flaw geometry. There will be no attempt to control 
factors that influence detectability other than flaw size. The flaw sizes 
should be controlled because they have a great influence on the precision 
of the POD estimates produced by the evaluation study. 
The range of flaw sizes selected for the evaluation will be chosen to 
optimize the estimate of the POD function. The model for the POD function 
is determined by two parameters designated by the symbols ao 5 and u. The 
50 percent detection crack length is given by ao 5 while u relates to the 
steepness of the POD function. The estimate of tne POD function is op-
timized by minimizing the scatter in the sampling distributions of the 
estimates of ao.s and u which are given by ao.s and a. 
The selection of flaw sizes to use in the evaluation program is 
complicated because the optimum group of flaw sizes depends on the true 
POD function and the analysis method. Since the exact POD is not known 
ahead of time, engineering judgement must be used to establish flaw size 
ranges. A reasonable compromise for the flaw size distribution is to use 
a log-normal distribution spread between approximately the 10 and 90 
percent POD crack lengths. Since the exact POD function is not known, the 
flaw size range should be chosen between the best engineering judgement of 
the 1 percent and the 99 percent POD crack lengths to insure that the true 
10 to 90 percent range is covered . 
Sample Sizes 
It is generally well known that larger sample sizes result in more 
precise sample estimates. Typically a sample of 30 will provide 
reasonably precise estimates assuming the 30 flaws are in the optimum 10 
to 90 percent POD range. Since the optimum flaw size range is not known 
exactly, a sample size of 60 flaws spanning the estimated 1 to 99 percent 
POD range is recommended to ensure that 30 are within the optimum range. 
In addition to the 60 flawed sites there should be at least twice as 
many unflawed sites. The !arge number of unflawed sites serve two pur-
poses. The first is to provide an environment that will force the 
inspectors to make careful inspections since most of the sites will not be 
flawed. The second is to provide a large sample base to estimate false 
call rates. False call rates are estimated using Binomial statistics which 
generally require larger sample sizes for precise estimates. 
DATA ACQUISITION PLAN 
Even the best sampling plan will not provide clean unbiased data if 
it is not properly implemented. The validity of the statistical analysis 
of the NDI reliability data collected in the evaluation study is dependent 
on proper sampling procedures and careful record keeping. This section 
provides a set of procedures for performing the evaluation study that will 
provide for proper sampling of inspectors and for precise recording of the 
results of inspections. The procedures are not difficult to follow; 
however strict compliance is essential for a valid and representative 
statistical evaluation of the Air Force NDI capability. 
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Preparation for the evaluation involves: 
a) making the test specimens 
b) writing a detailed T. 0. for each inspection procedure 
c) preparing inspection result recording forms, and 
d) establishing a data reduction protocol. 
After the preparations are completed the inspections are organized by : 
a) randomly selecting inspectors for the evaluation 
b) conducting an orientation session for the chosen inspectors 
c) scheduling and conducting the inspections, and 
d) transferring the inspection results to a data base. 
The following paragraphs describe the details of each of these steps. 
Preparation 
The key concerns in generating the test specimens center around 
cataloging and generating the flaws. Careful records need to be kept to 
ensure that inspection results are associated with the right flaws and an 
accurate measure of flaw size is necessary to conduct the statistical 
analysis. The flaws should be generated in as random a fashion as pos -
sible to ensure similarity to service induced flaws . 
Detailed instructions should be written for each combination of test 
specimen and inspection technique. The test specimens will be similar to 
calibration standards that are familiar to the inspectors. The inspection 
instructions for the evaluations will be similar to the manuals the in-
spectors are familiar with and will include specific instructions for 
completing the inspection report form . 
The most critical aspect of the evaluation is careful recording of 
inspection results. The inspection report forms will be designed to 
minimize the possibility of ambiguous inspection result descriptions. The 
form will include a design drawing of the part so that the inspector can 
mark the position of each flaw indication. Additional space will be 
prov i ded to record flaw size indications for the inspect ion techniques 
t hat generate a numerical response signal . This format should be easy f or 
the inspectors to understand and for the evaluators to interpret when 
reducing the data . 
The use of a portable computer with customized data entry software is 
recommended for reducing the data from the inspection report forms in the 
field. The evaluation team will be responsible for transferring data from 
the inspection report forms to the computer da ta base . The software will 
have modules that guide the operator through the inspection report form 
f or each combination of specimen and inspection technique . Transparency 
overlays with the positions of each fl aw will be provided for each 
specimen to further aid in identifying t rue finds and false calls. It is 
important to reduce the data in the field to provide the evaluators with 
the opportunity to verify any ambiguous inspection report forms. 
Administration 
Administering the evaluations involves implementing the randomization 
scheme, briefing the inspectors, managing the operat i ons of the evaluation 
inspections and reducing the data. The randomization scheme involves 
selecting a representative sample of the available inspectors for the 
evaluation program. The selection of inspectors will be conducted on site 
since it will be difficult to determine who will be available ahead of 
time. 
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The first step in selecting a random sample of inspectors for the 
evaluation is identifying all the qualified inspectors that normally 
perform each type of inspection. Each qualified inspector is then as-
signed an ID number for randomization. A sampling program on the portable 
PC will be used to select a subset of the qualified inspectors for the 
evaluation. 
Before the evaluation inspections are performed, an orientation 
session will be conducted to familiarize the inspectors with the dif-
ferences between routine inspections and the evaluation program 
inspections. Special emphasis will be placed on completing the inspection 
report form to avoid difficulties in the data reduction phase. The in-
spectors should also be assured that the evaluation is designed to 
establish the general capability of the Air Force and not to evaluate 
individuals. 
Scheduling and conducting the evaluation inspections will require the 
cooperation and assistance of the shop foreman. In order to compile 
realistic data the inspections should be conducted during normal working 
hours and under normal working conditions. The evaluations should be 
scheduled during a lull period if possible so that the sample of inspec-
tors will not have a great deal more work than usual in conducting the 
evaluation inspections. 
The data reduction phase will be highly automated with the use of a 
portable PC for data entry. The inspection results will be transcribed 
daily to catch confusing entries as well as to identify potential ir-
regularities in the data collection process. To safeguard the data, two 
hard copies as well as two electronic copies of the data should be made 
daily. One copy of each will be sent to a central location for storage. 
SUMMARY 
The Air Force NDI evaluation program is distinct in that it will be 
used to establish current capability of a broad-based continuing NDI 
program. Much of the work in developing methods for evaluating NDI detec-
tion reliability were perfected in conjunction with the development of 
specific new NDI systems. The statistical tools were designed to evaluate 
detection capability as well as evaluate system operating characteristics 
to help optimize the inspection system. 
The Air Force NDI program includes thousands of individual inspectors 
at hundreds of laboratories. The ·standard statistical methods for es-
timating NDI detection capability can be used; however the sampling plan 
must include factors for the large inspector population. The plan 
presented in this paper deals with (a) sampling inspectors, (b) selecting 
flaw sizes and (c) setting sampling sizes. 
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